Scintillators with Silicon Photomultiplier Readout for Timing Measurements in Hadronic Showers
Christian Soldner for the CALICE Collaboration A large number of such devices, approximately 8 000, have been successfully used to read out small plastic scintillator tiles in the CALICE analog hadron calorimeter [2] , a physics prototype of a highly granular calorimeter for detectors at the future International Linear Collider (ILC). In addition to the proof of technology, the test beam campaigns with this and other calorimeter prototypes also yield information on the structure of hadronic showers with unprecedented precision, providing important input for the further development of hadronic shower models used in simulation tools for high energy physics and beyond.
The development of detector concepts for the Compact Linear Collider (CLIC) [3] has led to considerable interest in using tungsten instead of steel absorbers also in the hadronic calorimeters, since this allows compact detectors. At CLIC, time stamping of signals will be of key importance, requiring the study of the intrinsic time structure of hadronic showers in a tungsten calorimeter with scintillator readout, to evaluate the impact of physical processes on the achievable time resolution.
II. EXPERIMENTAL SETUP
To provide first measurements of the time structure of hadronic showers in a tungsten calorimeter with scintillator Measured spectrum for muons in the central T3B scintillator tile, reconstructed by identifying the time of individual photon signals in the SiPM, for two different integration time windows: 96 ns from the first identified photon (left) and a time window of 9.6 ns (right). The distributions were fitted with a Landau function convolved with a Gaussian to extract the most probable value. In both cases, the X2 per degree of freedom is around 0.8, indicating a good fit quality.
Then, the signals were decomposed into individual photon equivalents. Selecting single pixel dark count waveforms from the inter-spill calibration data and averaging the waveforms on a cell-by-cell basis over 10 spills corresponding to less than 5 minutes, one obtains a reference signal for a single SiPM geiger discharge or a single detected photon respectively. This averaged calibration waveform is then iteratively subtracted from local maxima detected in the corresponding physics waveforms until no maxima above 0.5 p.e. remain. Figure   3 shows one example of a waveform decomposed using this Comparison of the time of first hit distribution in the central T3B tile simulated for 10 GeV 7r -with QGSP _BERT (blue) and QGSP _BERT _HP (red) with data (black). This is due to the partial exclusion of contributions from afterpulses of the photon sensor.
Further calibration algorithms are to be applied to address thermal darkrate and signal afterpulsing and to calibrate energy depositions to the scale of minimum ionizing particles.
IV. FI RST RESULTS
As a first parameter in the investigation of the time structure of hadronic showers, the time of the first energy deposit is studied. This parameter provides a good indication of the intrinsic time stamping possibilities in the calorimeter.
The analysis is performed on the decomposed waveforms for a 10 Ge V 7[-run with 718000 events. A SiPM signal is considered as energy deposition where at least 8 photon equivalents are detected within 12 time bins (9.6 ns). The time of hit is then taken from the timing of the second detected photon of that deposition. It was observed that using the first instead of the second photon leads to additional jitter due to single p.e. dark counts before the starting time of the real hit. The distribution of the time of first hit for the central T3B tile is shown in Figure 5 . A simulation study, based on a direct implementation of the CALICE tungsten HCAL geometry together with an approximation of the T3B detector in GEANT4 [5] was performed to provide first comparisons to the T3B results. The data was compared to two different hadronic shower models, QGSP _BERT, and QGSP _BERT_HP [6] , a variant which provides additional high precision neutron tracking, and is expected to give an improved description of the shower evolution in heavy absorbers, while the former is the physics list mostly used in the simulation of LHC detectors and for linear collider optimization studies. Figure   5 illustrates a striking difference in the late shower evolution for the two GEANT4 physics models. The delayed energy deposits are considerably reduced in the model including high precision neutron tracking and this model is consistent with the observation in data. This is most prominent in the tail of the hit distribution beyond 20 ns. The main peak is reasonably well described by both models. The standard QGSP _BERT list on the other hand overestimates isolated late energy depositions, where isolated means that only the time of the first hit is taken This demonstrates the importance of the high precision neutron tracking in GEANT4 for a realistic reproduction of the time evolution of hadronic showers in tungsten. Upcoming T3B results will investigate the time development of hadronic showers in detail and provide more information that can be used for the validation and further development of the timing aspect of shower models in GEANT4.
